Magnetic structure of antiferromagnetic NdRhlns 
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The magnetic structure of antiferromagnetic NdRhlns has been determined using neutron diffrac- 
tion. It has a commensurate antiferromagnetic structure with a magnetic wave vector (i ^) below 
Tjv = f f K. The staggered Nd moment at 1.6 K is 2.6 aligned along the c axis. We find the 
magnetic structure to be closely related to that of its cubic parent compound Ndlna below 4.6 K. 
The enhanced Tn and the absence of additional transitions below Tn for NdRhlns are interpreted 
in terms of an improved matching of the crystalline-electric-field (CEF), magnetocrystalline, and 
exchange interaction anisotropies. In comparison, the role of these competing anisotropies on the 
magnetic properties of the structurally related compound CeRhlns is discussed. 

PACS numbers: 75.25.+Z, 75.30.Gw, 75.40.Cx 
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NdRhlns crystallizes in the tetragonal HoCoGas struc- 
ture (Space group PA/mmrnfa and belongs to a large 
structural family of compounds with the chemical com- 
position RmMln^„i+2, with R ~ rare earth, M — tran- 
sition metal and m = 1,2. The tetragonal crystal struc- 
tures of these compounds may be seen as m layers of 
i?In3 and a layer of MIn2 alternately stacked along the 
c axis. Included in this family are three newly discovered 
heavy-Fermion supermpductors that have received con- 
siderable attcntionE'tlu For example, CeRhlns, an an- 
tiferromagnet below T/v = 3.8 K, undergoes a transi- 
tion to a supercondjUtting state at approximately 16 kbar 
with Tc = 2.1 K.ElEl Another member, CeCoIns is an 
ambient pressure superconductor with a recordpSetting 
Tc = 2.3 K for heavy-Fermion superconductors.u Ther- 
modynamic and transport measurements are indicative 
of unconventional superconductivity iii .which there are 
line-nodes in the superconducting gapJj'Q 

It is widely held that magnetic ground states of heavy- 
Fermion compounds are determined by the balance be- 
tween competing Kondo and RKKY interactions For 
/-electron magnetic materials, anisotropy is also known 
to affect the magnetic state.El Therefore, studies of struc- 
turally related non-Kondo magnetic materials such as 
NdRhlns may give insight into, the evolution of magnetic 
properties in these materials J13 For the present study, we 
have performed both powder and single crystal neutron 
diffraction in order to determine the magnetic structure 
of the antiferromagnet NdRhlns. The results are com- 
pared to those of cubic Ndlna, which may be considered 
the parent compound in the NdmMIn3m+2 series. Fur- 
ther comparisons are also made with the evolution of 
magnetic structures in the Ce-based series. 

Single crystals of NdRhlns were grown from an In 
flux. The lattice parameters ar£^ a = 4.630 A and 
c = 7.502 A at room temperature. t3 Neutron diffraction 
experiments were performed at Chalk River Laborato- 
ries using the C-2 High Resolution Powder Diffractome- 
ter and the C-5 triple axis spectromer in a two axis mode. 
Incident neutrons of wavelength 1.33 A were selected us- 



ing a Si monochromator for C-2, while 1.53 A neutrons 
were selected with a Ge monochromator for C-5. In both 
cases, the sample temperature was regulated by a top 
loading pumped He cryostat. 

In order to determine the magnetic propagation vec- 
tor, powder diffraction patterns were collected above and 
below the ordering temperature using C-2. The low tem- 
perature pattern clearly shows additional magnetic re- 
flections which can be indexed using a magnetic structure 
with the propagation vector qm = (5 ^). This corre- 
sponds to a magnetic unit cell that doubles the chemical 
unit cell along the tetragonal a and c axes and contains 
four magnetic Nd ions. 

Subsequently, a rectangular plate- like sample of dimen- 
sions '^3 X 3 X 0.7 mm'^ with the (001) plane the largest 
surface was measured on C-5. The sample was mounted 
with the [010] direction vertical in order to access recip- 
rocal lattice points of the type {hOl). 

We observed temperature dependent magnetic Bragg 
reflections at (y ^), where m and n are odd inte- 
gers, confirming the propagation vector found in powder 
diffraction. A typical elastic rocking scan taken at 1.6 K 
is shown in Fig. ^(a). The intensity of the (| ^) peak is 
shown in Fig. |l](b) as the square of the order parameter 
of the antiferromagnetic transition. The Neel temper- 
ature was determined to be 11.0(1) K, in good agree^ 
ment with T/v found inspecific heat measurements. E3 
The integrated intensities of magnetic Bragg reflections 
from such rocking scans were normalized to the (400) 
and (004) nuclear peaks to yield magnetic cross sections 
CTo6s(q) = /(q) sin(26') in absolute units. The propaga- 
tion vector qj\/ suggests a model in which Nd moments 
are aligned antiferromagnetically in the [100] and [001] 
directions, and ferromagnetically in the [010] direction, 
resulting in the magnetic cross sectionllil 

a{ci) = {^y{mf\f{q)f{l-{ci.rhf), (1) 

where 7^0/2 = 0.2695 x 10~^^ cm/ jis is the scattering 
length associated with 1 {m) is the staggered mo- 
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FIG. 1: (a) Elastic rocking scan through magnetic Bragg 
point (i I) at 1.6 K. (b) Intensity of (| i) reflection 
as a fuction of temperature. The Neel temperature is 11 K. 
The solid line is a guide for the eye 



ment oLthe Nd ion, and f{q) is the Nd'^^ magnetic form 
factor.Ej The polarization factor (1 — (q • m)^), averaged 
over possible magnetic domains with the assumption of 
equal occupation of the domains is 



m 



9 , sin^ a sin^ 8 + 2 cos^ a cos^ B , , 
i ) = l ^ , (2) 



where a is the angle between q and the c axis, and /3 
is the angles between the magnetic moment and the c 
axis. The best least squares fit to Eqs. (|l|) and (|^) gives, 
within one standard deviation, /3 = 0, which corresponds 
to magnetic moments aligned along the c axis, and re- 
duces Eq. (|l|) to 



m)-|/(g)|2(l 



cos^ a). 



(3) 



The best least squares fit of the experimental data 
was achieved using the spin-only Nd'^"'' form factor.EHI 
The staggered Nd moment is determined at 1.6 K 
to be m — 2.61(1) [Ib- Fig. ^ shows the quantity 
cr((7)/[(7ro/2)^(m}^(l — cos^a)], which is equal to the 
square of the magnetic form factor, |/p [refer to Eq. (||)]. 
The high temperature effective moment of 3.66 /zb, de- 
duced from susceptibility data is in good agreement with 
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FIG. 2: The q dependence of the square of the magetic form- 



factor, I/I as given by the quantity, a{q)/[{'yro/2) 



cos a)] [refer to Eq. (H)]. The value of the magnetic moment 
was taken from the best least squares fit of the data. Single- 
crystal data are shown as solid circles, while data from the 
powder diffraction experiment are represented by open dia- 
monds. The fines represent tfie spin-only (solid), orbit-only 
(dot) and spin+orbit (dash) Nd'^"'' form factors from Ref. [13. 



the Hund's rule value of 3.62 hb, indicating well local- 
ized Nd moments.113 One may thus expect a significant 
orbital contribution to the magnetic moment, although 
this contribution is likely to be complicated by the pres- 
ence of GEE effects and related magnetic anisotropy. If 
an admixture of orbital moments is allowed, the stag- 
gered moment can be reduced by 10%, as indicated by 
the intercepts of the dotted and dashed lines in Fig. X 
which represent orbit-only and spin-|-orbit formfactors,ISI 
taking into consideration the fact that the data points re- 
flect Nd moments determined from the best least squares 
fit, i.e., the spin-only formfactor. 

Cubic Ndlna orders antiferromagnetically below Tjy — 
6 K and exhibits a complex magnetic phase diagram, 
which includes two additional aritifecromagnetic tran- 
sitions at 4.61 K and 5.13 Kyili-El The two inter- 
mediate phases were determined to have incommensu- 
rate structures with magnetic propagation vectors q^M — 
(i 0.037 i) and (i 0.017 i), respectively, while the 
ground state structure was determined to be commen- 
surate with qM = (| i) and staggered Nd moments 
of approximatjeiy_2.0 fj,B with [010] the easy magnetiza- 
tion direction.E3E£l The complexity of the magnetic phase 
diagram of Ndlns is also verified hji-fijcld induced tran- 
sitions in the H-T phase diagram .li3llZl A model includ- 
ing competing CEE and magnetic exchange anisotropics 
have satisfactorily described the complex phase diagrams 
of Ndln3.m 

The magnetic structure of NdRhlns is shown together 
with that of Ndlna below 4.6 K in Fig. ||. In comparison 
to Ndlna, the moment direction relative to the magnetic 
wave vector is rotated by 90° in NdRhlns. However, 
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FIG. 3: Schematic representation of the crystaUographic and 
magnetic structure of NdRhlns in a chemical unit cell. The 
commensurate magnetic structure of Ndlus below 4.6 K from 
Ref. |l^is also shown for comparison. The arrows indicate the 
directions of the Nd moments. 

the phases among the magnetic moments are identical in 
both cases. 

For the tetragonal NdRhlns, the insertion of a Rhln2 
layer nearly doubles the Neel temperature of Ndlna . No 
evidence of additional transitions below T/v was observed 
in om study as well as in bulk measurements down to 
1 K. 113 In addition, field dependent heat capacity revealed 
no evidence for field induced transitions up to 7? = 9 T 
applied in the ab piane and one transition at about 7 
T for H \\ c axis.E£l Therefore, although the magnetic 
structure of NdRhlns is closely related to the parent com- 
pound Ndln3, the relatively simple H-T phase diagram of 
NdRhlns suggesta that the commensurate antiferromag- 
netic structure qjv/ = i) is more robust and stable 
in the tetragonal variant. In fact, the Nd'^+(J=9/2) ion 
in axial symmetry commonly has its multiplet split in 
anisotropic doublets (with g-value g^^^ ^ g±) favoring 
the Nd spins to point along the c axis which is consis- 
tent with our results. Therefore, the tetragonal symme- 
try may produce an improved matching among the ex- 
isting CEF, magneto-crystalline and exchange coupling 
anisotropics for NdRhlns. 

We now extend our discussion to the Ce-based se- 



ries. For CeRhlus, the nearest neighbor antiferromag- 
netic structure of the parent compound Celna is main- 
tained within the Celns layers. However, the magnetic 
moments in CeRhlB|S form an incommensurate spiral 
along the c axis.ll3E3 Furthermore, T/v is reduced by a 
factor of 2 for CeRhlns (T^v ^ 4 K) compared to Celna 
(Ttv ^ 10 K), which is just the opposite of the situation 
in NdRhlns and Ndlna. 

These contrary behaviours can be understood by notic- 
ing that the magnetic moments in CeRhlns lie in the ab 
plane,ll3 whereas the CEF anisotropy tends toiswpr ener- 
getically the Ce spins to point along the c axis.ai2l There- 
fore, there might be in CeRhlns competing anisotropic 
magnetic interactions that lead to an incommensurate 
magnetic state at lower T/v when compared to Celns. 
Accordingly, field dependent heat capacityE3 has revealed 
a rich H-T phase diagram with field-induced transitions 
similar to what was observed in Ndlns , where competing 
CEF and exchange interaction anisotropics were consid- 
ered. 

Alternatively, antiferromagnetic correlations across the 
intervening Rhln2 layers in NdRhlns Sire in some sense 
more reminiscent of Ce2RhIn8, in which the magnetic 
structure within Celns bilayers are unmodified relative to 
cubic Celna and the correlations across the Rhln2 layers 
are antiferromagnetic.E3 

In conclusion, we find a commensurate antiferromag- 
netic structure, as represented in Fig. ^ with qm = 
(i i) for NdRhlns. The staggered Nd moment is deter- 
mined at 1.6 K to be 2.6 aligned along the tetragonal 
c axis. The phases of the nearest neighbor Nd atoms 
are the same as in the commensurate phase of cubic 
Ndln3 , indicating the strong influence of the Ndlns build- 
ing blocks on the magnetic correlations. The enhanced 
Tjv for NdRhlns is interpreted in terms of an improved 
matching among the existing magnetic anisotropics. The 
same effect in the opposite direction is speculated to play 
a role in the magnetic properties of CeRhlns when com- 
pared to Celna. 
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